Modified iron phosphate glasses have been prepared with nominal molar compositions [(1−x)·(0.6P2O5-0.4Fe2O3)]·xRySO4, where x = 0-0.5 in increments of 0.1 and R = Li, Na, K, Mg, Ca, Ba, or Pb and y = 1 or 2. In most cases the vast majority or all of the sulfate volatalizes and quarternary P2O5-Fe2O3-FeO-RyOz glasses or partially crystalline materials are formed. Here we have characterized the structure, thermal properties, chemical durability and redox state of these materials. Raman spectroscopy indicates that increasing modifier oxide additions result in depolymerization of the phosphate network such that the average value of i, the number of bridging oxygens per -(PO4)-tetrahedron, and expressed as Q i , decreases. Differences have been observed between the structural effects of different modifier types but these are secondary to the amount of modifier added. Alkali additions have little effect on density; slightly increasing Tg and Td; increasing α and Tliq; and promoting bulk crystallization at temperatures of 600-700 °C.
Introduction
Alkali borosilicate glasses are currently the global material of choice for the safe immobilization of high-level radioactive waste (HLW) which is highly radioactive and heat-generating. Silicate glasses are also the obvious host matrix for the vitrification of toxic incinerator ashes given that these wastes are usually rich in SiO2. Phosphate glasses by comparison have few applications; however, they have received substantial attention over the past 40-50 years as possible host materials for the immobilization of certain specific radioactive wastes [1] , [2] , [3] , [4] and [5] . Some Russian HLW has been immobilized in sodium aluminophosphate glasses at the Mayak facility in Ozersk [4] and [5] . The formation of Recently we have studied glass formation and the solubility of SO3 in 60P2O5-40Fe2O3 (mol%) glasses to which have been added oxides of monovalent (Li, Na, and K) and divalent (Mg, Ca, Ba, and Pb) cations. These oxides were supplied to the glasses through the use of sulfate batch materials. This has allowed assessments of the glass formation region (for glasses cooled in air on a 200 g scale) and sulfate solubility [34] and some effects of batch sulfate on iron redox [35] in these materials. With few exceptions, low levels (<0.5 mol%) of sulfate remained in the resulting glassy or crystalline materials. Consequently these materials may be essentially regarded as occupying the P2O5-Fe2O3-FeORxOy system. The research described in the present paper further describes our ongoing studies into the effects of doping iron phosphate glasses with RxOy, where R = selected R + , R 2+ , R 3+ and R 4+ cations, and their effects upon properties and structure. Primarily our motivation is the development and understanding of new glasses with potential applications in radioactive or toxic waste immobilization; however, the information that we have generated may also prove useful to those researching the use of iron phosphate glasses in other applications.
Experimental procedures
Glasses have been prepared from analytical grade >99 % purity NH4H2PO4, Fe2O3, Li2SO4, Na2SO4, Na2CO3, K2SO4, MgSO4, CaSO4, BaSO4 and [PbO + (NH4)2SO4]. Batches to produce 200 g of glass with nominal molar composition [(1−x)·(0.6P2O5-0.4Fe2O3)]·xR2SO4, where x = 0-0.5, were placed in mullite (3Al2O3·2SiO2) crucibles and heated overnight to 1030 °C. Crucibles were then transferred to a furnace at 1150 °C and held at this temperature for 1 h. Melts were stirred at ∼60 rpm at 1150 °C for a further 2 h using Al2O3 stirrers. Samples were finally poured into preheated steel molds, held at 450-475 °C for 1 h to relieve internal stresses, and cooled to room temperature at 1 °C/min. A glass of nominal composition 60P2O5-40Fe2O3 (mol%), named PFe1M, has been used as the baseline glass. Sample name nomenclature is as follows: modifier added, and oxide quantity in mol%. Hence sample Ba30S was batched to produce a sample containing 30 mol% BaSO4 such that nominal molar composition was 42P2O5-28Fe2O3-30BaSO4. Given that most or all of the sulfate volatilized, presumably as (SO2 + 1/2O2), the actual molar composition of the resulting glass is close to 42P2O5-28Fe2O3-30BaO. Material bulk compositions have been analyzed previously [34] and [35] and confirm this assertion, although some SO3 and SiO2 and Al2O3 arising from crucible corrosion have been measured in most samples. Nevertheless the (generally) low levels of contamination of the samples described in this paper means that they may be considered to occupy the P2O5-Fe2O3-FeO-RxOy system. Nominal and analyzed compositions are included again here for completeness. One sample, Na20, was prepared using Na2CO3 rather than Na2SO4, in order to assess any effects upon final glass redox of using sulfate raw materials. Its final composition, shown in Table 1 , is very close to that of its companion glass, Na20S. 
Li10S Li20S
Na10S Na20S Na20 Na30S Na40S K10S K20S K30S K40S Material bulk compositions have been analyzed using a Link energy-dispersive X-ray spectroscopy (EDS) unit fitted to a Philips 500 scanning electron microscope. The analyzed compositions shown in Table 1 and Table 2 are averages from three separate measurements. Estimated errors associated with each measurement are as follows: (i) major components (>10 mol%) error ± 1 mol%, (ii) intermediate components (1-10 mol%) error ± 0.5 mol%, (iii) minor components (<1 mol%) error ± 0.1 mol%. Lithium contents have been measured, for those samples containing lithium batch additions (glasses Li10S and Li20S), by inductively-coupled plasma-optical emission spectroscopy (ICP-OES). The accuracy of this technique is estimated to be ±0.1 mol% Li2O. Sulfur contents were analyzed both by EDS and using a Leco induction furnace combustion analyzer and a combustion/infrared analyzer in order to gain greater accuracy. For analytical purposes the sulfur contents have been expressed in Table 1 and Table 2as Two glasses have also been used as comparators for the chemical durability studies. The first, SLS, is a commercial soda-lime-silica container glass and the second, a surrogate waste-loaded UK HLW borosilicate glass. The HLW glass composition and preparation method has been described in [36] . The SLS glass composition has been analyzed using the same EDS method and equipment used to analyze the iron phosphate glasses [34] and [35] , and has the following analyzed composition (mol%): 71.3SiO2, 12.2CaO, 13.1Na2O, 2.3MgO, 0.6Al2O3, 0.2K2O, and 0.2SO3.
Densities have been measured by the Archimedes method using distilled water as the suspension medium. Archimedes densities are calculated using
where WA = weight in air, WW = weight in water and δ w = temperature correction. Molar volumes have been calculated using measured densities and analyzed compositions [34] and [35] .
Differential thermal analysis (DTA) has been performed using a Perkin-Elmer DTA 7 instrument. Powdered 25 mg samples of particle size <75 µm are placed in recrystallized Al2O3 sample cups and heated at 10 °C/min from 20 °C to 1200 °C.
Dilatometric measurements have been made between room temperature and 10-20 °C above the dilatometric softening point, Td, at a heating rate of 10 °C/min, using a Netzsch DIL402C dilatometer. Samples are ∼20 mm in length, approximately circular in cross section and with ∼3 mm radius. Repeat measurements have confirmed that measurements obtained from this equipment using a heating rate of 10 °C/min are acceptably accurate and reproducible within the error range specified. The linear coefficient of thermal expansion from 50-300 ° (α50-300), mid-point glass transition temperature Tg and dilatometric softening point, Td, have all been determined using the dilatometer's software package. We note that for some samples the value of Tg as measured by DTA and dilatometry differ by an amount greater than the combined estimated errors of measurement. The origin of these differences is not clear and may be related to differences in sample preparation, given that DTA requires a powdered sample and dilatometry uses a monolithic sample. , using the Recoil analysis software package [37] . Extracted center shift (CS), quadrupole splitting (QS) and line width (LW) parameters are weighted averages based on doublet areas. Multiple Lorentzian doublets have been widely used to fit Mössbauer spectra of iron phosphate glasses [7] , [9] , [10] , [13] , [17] , [25] and [32] . The redox ratio, Fe 2+ /ΣFe, is based on fitted peak areas, corrected for the recoil-free fraction ratio f(Fe
) ≈ 1.30 in phosphate glasses at room temperature, as we have discussed previously [7] and [9] . X-ray diffraction (XRD) has been carried out using a Philips PW1730/10 goniometer with CuKα radiation. Spectra have been recorded from 10 to 60° 2θ at scanning rates between 0.1 and 0.4° 2θ/min.
Laser Raman spectroscopy has been carried out on flat, polished samples using 514.5 nm radiation and a Renishaw inVia spectrometer coupled with an optical microscope. Spectra are measured at 20× magnification from 0 to 1500 
Results
Analyzed glass compositions and measured properties are shown in Table 1 and Table 2 . Figs. 1(a) and (b) illustrate density and molar volume, respectively, as functions of nominal modifier oxide content. The experimental errors are smaller than the data points shown. XRD analysis has confirmed that the majority of samples are X-ray amorphous; any identified crystalline phases are noted in Table 1 and Table 2 . Thermal analysis has been performed only on those samples which have been confirmed to be XRD amorphous. DTA traces are shown in Figs. 2(a) and (b), with the extracted data of onset glass transition temperature (Tg), onset of first crystallization peak (Tr) and endotherm end-point liquidus temperature (Tliq) shown in Table 1 and Table 2 . The value of (Tr−Tg), which is indicative of the thermal stability of glass, is illustrated in Fig. 3 . Dilatometric measurements provide the coefficient of thermal expansion between 50 °C and 300 °C (α50-300); the mid-point glass transition temperature (Tg); and the dilatometric softening point (Td). Given that multiple crystalline phases occur in some glasses, Tliq corresponds to the highest-temperature endotherm, i.e. Tliq is the temperature above which no crystalline phases are present within the melt. Raman spectra are illustrated in Figs. 4(a,b); Fig. 5 shows selected fitted Mössbauer spectra and Fig. 6a and Fig. 6b illustrates the iron redox ratio measured by Mössbauer spectroscopy, as a function of (a) nominal modifier oxide content and (b) glass composition represented by the theoretical optical basicity calculated from analyzed compositions. Theoretical optical basicities have been calculated using published oxide basicity moderating parameters [39] and [40] and the analyzed composition of each glass. Estimated error bars shown in Fig. 6 (b) include consideration of (i) errors associated with compositional analyzes and (ii) some Fe is present as FeO which has a different basicity moderating parameter to Fe2O3. Fig. 7 illustrates chemical durability as a function of nominal modifier oxide content. 
Discussion

Composition, density, molar volume and crystallinity
It is often useful to numerically represent glass composition and structure in some meaningful way when considering the effects of methodical changes in composition, as we have studied here. Several such scales exist, although all have their limitations. Previously when studying the sulfur capacity of these and other glasses [34] we have considered simple scales such as P2O5content or [O]/[P] ratio in addition to more complex, and arguably more meaningful, scales such as theoretical optical basicity [39] and [40] or cation field strength index [41] . In this paper with one exception we have presented the majority of our results in terms of nominal modifier content as the clearest means to illustrate the effects of different modifiers upon the properties of interest.
Increasing modifier oxide contents lead to higher levels of contamination of the final glass by SiO2 and Al2O3 arising from increased dissolution of the mullite crucibles in which they have been prepared. This is consistent with the behavior of high-flux glass melts, i.e. those rich in alkali and alkaline earth oxides. As we have noted previously, the corrosivity of 60P2O5-40Fe2O3melts towards alumina and aluminosilicate refractories are remarkably low by comparison with the effects of other phosphate glass melts [35] .
Densities and molar volumes are shown in Table 1 and Table 2 and as a function of nominal modifier oxide content in Fig. 1(a) . Only additions of BaO and PbO act to strongly increase density, reflecting the high mass of their constituent cations. In particular it may be noted that the alkali additions studied here have little effect on final glass density. In general the molar volumes, Vm, of the different samples gradually decrease with increasing modifier oxide addition, as illustrated in Fig. 1(b) . The addition of K2O appears to result in a more voluminous glass structure than occur for glasses containing other additions. Our results for the effects of Na2O and K2O additions on density and molar volume are consistent with those obtained by Fang et al. [19] for similar glasses.
X-ray diffraction (XRD) measurements reveal the limits of glass formation, which have been discussed and illustrated previously [34] . The identified crystalline phases which occur when the glass formation region has been exceeded are noted in Table 1 andTable 2. Phases arising in materials containing heavier oxides (K2O, BaO, and PbO) have not been positively identified using standard powder diffraction files. Heavier modifier cations substantially extend the glass formation region [34] , therefore it is likely that the primary phase/s for samples in which crystallization occurs during cooling are rich in modifier cations.
Thermal properties
The addition of increasing levels of modifier cations, both monovalent and divalent, generally has the effects of (a) increasing Tgand (b) increasing Tliq. The effects upon the other measured parameters are varied. These comprise coefficient of thermal expansion, α50-300, dilatometric softening point, Td, and the onset temperature of bulk crystallization, Tr, and therefore thermal stability, which can be illustrated by the magnitude of (Tr−Tg).
The addition of alkali oxides to the base formulation, PFe1 M, produces only small increases in Tg, even at 30 mol% alkali oxide (see Table 1 and Fig. 2 ). This is consistent with the results of Marasinghe et al. [17] , who studied pro rata additions of up to 20 mol% Na2O and up to 30 mol% Cs2O to the same base glass that we have studied here. Alkali additions strongly increase α50-300, the coefficient of thermal expansion between 50 °C and 300 °C. This has the effect of making the glass less resistant to thermal shock. The value of (Tr−Tg), which can be used as a measure of the thermal stability of a glass, is consistent with the glass formation boundaries within the respective systems. For example, as shown in Fig. 3 , sample Li10S exhibits a lower (Tr−Tg) than the base glass PFe1 M since it is close to its glass formation boundary which occurs between 10 and 20 mol% Li2O [34] . However, the addition of Na2O and K2O results in substantially greater glass forming capabilities. This is reflected in the fact that (Tr-Tg) remains largely unchanged up to 20 mol% Na2O and K2O, then decreases at 30 mol% (see Fig. 3 ). This is again consistent with our earlier results [34] which suggest that the glass formation limit, i.e. when a sample is cooled in air and the formation of crystallinity can be detected by XRD analysis, can be described by a broadly linear relation between the modifier cation field strength, ∑z/a 2 , and the atomic percentage of modifier cation. The effects of alkali additions upon Td, which corresponds to viscosities of 10 9 -10 10 dPa s [42] , are consistent with their known effectiveness in decreasing high temperature viscosity in the order Li < Na < K [43] .
As we have discussed in a previous publication [10] , the main exotherms in the DTA trace for the base glass, PFe1 (P2O7)2 is the primary phase for these materials. Similar thermal characteristics are exhibited by Li2O, Na2O, and K2O, albeit depending upon (a) the amount of modifier added and (b) the proximity of that composition to its respective glass formation boundary. Therefore the traces for (i) Li10S, Na30S and K30S; (ii) Na10S and K10S; (iii) Na20S and K20S bear similarities due to the parameters (a) and (b) described above. These similarities are also reflected in the value of (Tr−Tg) as shown in Table 1 . Hence we may conclude that the thermal stabilities of the alkali-doped glasses are
proportional to a combination of the two factors, (a) and (b). Glasses are more stable, for a given molar addition of alkali, with increasing alkali cation size in the series Li < Na < K. One may speculate that this series can be extended to include Rb and Cs. Marasinghe et al. [17] observed that the addition of Cs2O to a 60P2O5-40Fe2O3 (mol%) base glass suppresses crystallization at low Cs2O additions but enhances it at high concentrations, whereas Na2O promotes crystallization and sharpens crystallization peaks. This behavior is also consistent with the effects of each different alkali addition upon the glass formation boundary.
Thermal analysis data for glasses doped with divalent cations display behavior that is somewhat more mixed than for samples containing alkali additions. At one end of the scale lie samples doped with Mg or Pb, which broadly exhibit behavior similar to that caused by the addition of comparable molar quantities of monovalent oxides. Glasses doped with Ca and Ba, respectively display moderately and markedly different behavior to alkali-doped glasses. Their additions to the base glass cause partial (Ca) and full (Ba) suppression of the crystallization peak at 600-700 °C in favor of the higher-temperature crystallization peak in the range 700-800 °C. These effects are accompanied by comparative increases in Tg, Td and Tliq. With the addition of BaO, Tg increases substantially whilst the low-temperature exotherm found at ∼655 °C in the base glass PFe1 M, is suppressed and the high temperature exotherm at 700-800 °C decreases in temperature. The overall effect of this is to initially increase (Tr−Tg) by 100 °C whilst only increasing Tliq by 35 °C, resulting in substantially greater thermal stability of sample Ba10S than the base glass (sample PFe1 M). Further BaO additions continue to increase Tg, decrease Tr and increase Tliq, however, glass stability remains better than or comparable to that of the base glass at levels of up to 30 mol% BaO. Only at 40 mol% BaO does the thermal stability decrease sharply as a result of (Tr−Tg) approaching zero, which is indicative of proximity to the glass formation boundary.
We therefore conclude that our P2O5-Fe2O3-BaO glasses display good thermal stability at all but the highest BaO additions and this stability, coupled with other beneficial effects of adding BaO, recommend these glasses for a number of potential applications. In addition to imparting high thermal stability, the addition of divalent cations such as Ba 2+ imparts a moderate increase in thermal expansion which is in line with expectations [43] , but which is less marked than the increases associated with alkali additions, as shown in Table 1 and Table 2 . This is consistent with divalent cations being more tightly bound within the matrix owing to their greater field strength.
The substantial differences in the value of (Tr-Tg) which occur upon addition of the various modifiers studied here imply that large shifts in the main crystallization peak result from the formation of different crystalline phases, i.e. shifts in the primary phase field. This would be expected on the basis of the substantial compositional changes with which they are associated. Our summation is corroborated by the differences in stoichiometry of those phases which form outside the glass formation region, as identified inTable 1 and Table 2 .
In general, increasing additions of modifiers to the base glass increases α50-300, Tg, Td and Tliq. This behavior is broadly consistent with that observed by other researchers for similar phosphate glasses [29] , [30] and [33] . The increase in Tg is probably due to the decrease in average value of Q with increasing modifier oxide content, discussed in Section 4.3.1.
Although the base glass is strongly depolymerized, further depolymerization clearly takes place upon addition of modifiers and this replacement of P-O-P bonds by P-O-M bonds contributes to the increases in Tg and Td. An increasing modifier content results in an increase in cross-linking density between phosphate units (although this effect is limited by the short average length of phosphate units as discussed in Section 4.3.1). The increase in α50-300 with increasing modifier content would appear to dispute this structural assertion, as thermal expansion is also strongly influenced by the strength of network bonding, its connectivity and the interactions between cations and non-bridging oxygens. However, others [33] have also observed similar trends in modified iron phosphate glasses. It is noted that, for our glasses, distinct differences occur between the effects of monovalent and divalent modifiers. Monovalent modifiers generally have only a small effect on Tg but strongly increase α50-300, whereas divalent modifiers, in general, strongly
increase Tg but have a more moderate effect on α50-300. As expected, this is indicative of network bonding and connectivity being more strongly increased by divalent modifiers than monovalent modifiers, and is consistent with the greater field strength and M-O bond strength of divalent modifiers. An additional factor to consider is that iron redox does not change linearly with modifier content. In addition the Fe-O bond strengths and local structural environments of Fe 2+ and Fe 3+ cations in the phosphate network are not identical owing to differences in ionic radius and ionic charge, notwithstanding any small differences in coordination which may occur. As discussed in Section 4.3.2, Mössbauer analyzes reveal substantial changes in the Fe 2+ /ΣFe redox ratio with changing modifier content but do not indicate large differences in coordination of Fe 2+ and Fe 3+ ions. Changing redox ratio may therefore be involved in the observed trends in α50-300, Tg, Td and Tliq. We must also consider the fact that as modifiers are added to our base glass, the content of P2O5 and Fe2O3 are decreased. This is reflected in the fact that, for a given modifier type, Tg increases to a maximum value but further modifier additions result in a decrease in Tg. It therefore seems likely that the competing factors of reduced P2O5 content (which will act to reduce the average Q), reduced Fe2O3 content (which will act to increase the average Q), increased modifier content (which will act to reduce the average Q and change the M-O bond strength depending upon amount and type of modifier) and changes in the iron redox ratio, are responsible for the trends shown in Tg and any apparent discrepancies between the effects of a strengthened network and the increases in both Tg and α50-300. Clearly these relationships are not yet fully understood for phosphate glasses and further research is required in this area.
Structural analysis
Raman spectroscopy
As shown in Fig. 4(a,b) , Raman peaks occur at ∼340 cm −1 , ∼630 cm −1 , ∼750 cm −1 , ∼950 cm −1 , ∼1080 cm −1 and ∼1250 cm −1 in the base glass, PFe1 M. This spectrum is consistent with published spectra for similar glasses [17] and [44] .
There is some (although not comprehensive) agreement in the literature that iron phosphate glasses similar in composition to ours consist of a highly depolymerized phosphate network. On the basis of the literature consensus, where it exists, we have made the following band assignments for our spectra:
• ∼350 cm −1 bending of (PO4) units with Fe as modifier
• ∼760 cm −1 symmetric stretching of (P-O-P) bonds in Q 1 (P2O7) 4 Additions of modifier cations to the base glass, PFe1 M, result in a number of spectral changes which become more pronounced as the modifier content increases, as illustrated in Fig. 4(a,b) . These changes are summarized below.
• ∼350 cm −1 shifts to lower energies Some of the effects of modifier content on Q-species of phosphate glasses have been discussed elsewhere [45] , [46] , [47] , [48] , [49] and [50] , following pioneering work by Van Wazer [51] . The new band at ∼470 cm −1 may arise from Q 0 (PO4) 3− units [52] . This suggestion is supported by interpretation of spectra for P2O5-Fe2O3-PbO-Na2O glasses by Moguš-Milanković et al. [53] who claim that their band at ∼470 cm −1 arises from O-P-O bending modes of Q 0 units. It might be suggested that the 'disappearance' of the peak at ∼925 cm −1 is related to the conversion of Q 0 (PO4) 3− monomer units into more polymerized phosphate units. However, close examination of this peak indicates that rather than disappearing, the peak becomes consumed by the broad band at higher energies as that band shifts to lower energies. Furthermore, as the band at ∼470 cm −1 , which grows in intensity with modifier addition, is also attributed to Q 0 (PO4) 3− monomer units it seems more likely that the number of Q 0 (PO4) 3− monomer units increases with modifier addition. The gradual decrease in intensity of the (relatively weak) band at ∼760 cm −1 with increasing levels of modifier addition also indicates the partial conversion of Q 1 (P2O7) 4− dimer units into other phosphate units. It seems clear that the main peak centered at ∼1080 cm −1 comprises a number of overlapping components which cause the overall band position and profile to shift as a function of modifier addition. We view the origin of this broad peak as a distribution of Q 0 , Q 1 and Q 2 phosphate groups. Shifts in the overall band position and shape are therefore indicative of changes in the distribution of Q-species. A shift towards lower energies represents a more depolymerized network, i.e. a lower average value of Q. Therefore the addition of modifiers to the base glass results in a decrease in average Q.
A Raman band at ∼630 cm −1 observed in spectra for P2O5-Fe2O3-FeO-Cs2O glasses [23] and for other iron phosphate glasses [28] , [52] and [53] , has previously been attributed to symmetric stretching of bridging oxygens (P-O-P)sym in Q 2 species. Those authors state that the band is indicative of Q 2 species arising from disproportionation of Q 1 species to Q 0 and Q 2 species. Literature for a range of modifier-containing phosphate glasses shows a commonly-occurring band centered at ∼690 cm −1 with a broad tail stretching towards higher Raman Shifts [21] , [47] , [54] and [55] . This band has also been attributed to symmetric stretching of bridging oxygens (P-O-P)sym in Q 2 species. The Raman Shifts and band shapes for the band at ∼630 cm −1 in our spectra are substantially different from the ∼690 cm −1 bands, and these differences are, in our opinion, too great for the two bands to have the same structural origin. One publication discussing modified iron phosphate glasses notes the presence of a Raman band at ∼650 cm −1 and attributes it to dimer units, i.e. Q 1 (P2O7) 4− units [17] . We suggest that this is also unlikely for our glasses, given the partial conversion of Q 1 (P2O7) 4− dimer units into other phosphate units discussed in the previous paragraph. We do note, however, that the Raman band at ∼630 cm −1 increases in intensity proportionately with the band at ∼470 cm −1 with increasing modifier oxide content (see Fig. 4(a,b) ). The facts that this behavior occurs with all of the different modifiers that we have studied, and others [23] , and that both bands behave proportionately, suggests that they have similar structural origins.
The spectral changes that take place as a function of modifier content are primarily governed by the level of addition and, as described above, the glass structure shifts towards a more depolymerized matrix with a lower average value of Q i upon modifier addition. However, structural differences also occur, albeit to a less pronounced degree, when comparing the effects of different modifiers at a given molar percentage. For example, Raman spectra for K2O-and BaOdoped glasses, which are shown in Fig. 4(a,b) , respectively, clearly exhibit structural differences at the same nominal molar oxide addition. Differences are most noticeable when comparing the effects of monovalent and divalent cations and any differences between, for example, Na2O and K2O or CaO and BaO, are consistently small. This behavior is consistent with the differing effects of alkalis and divalent cations on the structure of phosphate glasses.
57 Fe Mössbauer spectroscopy
Fitted values of Center Shift (CS) and Quadrupole Splitting (QS), shown in Table 1 and Table 2 , are similar to published values for other iron phosphate glasses [6] , [7] , [9] , [10] , [12] , [13] , [15] , [17] , [18] , [20] , [31] and [32] and are consistent with the conclusion that both Fe 2+ and Fe 3+ predominantly occupy a range of distorted octahedral sites in all of the modified iron phosphate glasses studied here. Sites with lower coordination numbers may also be present; however, the Mössbauer results indicate that their abundance is relatively low. X-ray absorption spectroscopy, neutron diffraction and X-ray diffraction studies of a range of binary, ternary and modified iron phosphate glasses have provided average Fe-O coordination numbers from 4.8 to 5.5 [15] , [16] , [17] , [18] , [56] , [57] , [58] , [59] , [60] and [61] are consistent with those from other studies of iron phosphate glasses which have concluded that the near-neighbor local environment of iron is not greatly affected by the addition of modifier cations [16] , [17] , [18] , [56] , [57] , [58] , [59] and [60] .
The redox ratio, Fe 2+ /ΣFe, is substantially affected by the abundance and type of modifier addition as illustrated by the variation in fitted spectra shown in Fig. 5 . As also shown in Fig. 6(a) , Fe 2+ /ΣFe increases upon initial addition of all modifiers, reaching a maximum value at roughly 20 mol% R2O or 30 mol% RO addition, and above these levels Fe 2+ /ΣFe decreases with further modifier additions. This behavior is illustrated more clearly by Fig. 6(b) , in which theoretical optical basicity, Λth, is plotted as an indicator of composition/structure. In addition to our own data we have also calculated the redox behavior of the glasses investigated by Marasinghe et al. [16] and [17] , which came from ostensibly the same family of glasses as ours, i.e. [(1−x)·(0.6P2O5-0.4Fe2O3)]·xRxOy, where their R = Na, Bi, Ca, and Cs. We note that Marasinghe et al. neglected to consider differences in Fe 2+ and Fe 3+ recoil-free fraction ratios in their Mössbauer fitting, which affects the redox ratio measurement. We have converted their data for the purposes of this examination using the same method that we have applied to our own data (see Experimental). Marasinghe et al. also used different melting programmes to ours: in [16] their glasses were melted at approximately 1150 °C for 1-2 h and were apparently unstirred. In [17] , their glasses were melted at approximately 1200 °C for 1-2 h and again the melts were apparently unstirred. Our glasses were melted at exactly 1150 °C for 3 h, and were stirred during melting to improve homogeneity. Differences in iron redox ratios between our glasses and comparable glasses of Marasinghe et al. (e.g. the base glass and the Na2O-doped series) can be attributed to differences in preparation and particularly to the effects of different melting temperatures, which have been assessed in another publication [44] . Despite these differences, the data of Marasinghe et al. [16] and [17] exhibits the same trend in redox as a function of composition as our data (see embedded graph inFig. 6(b)), adding further support that the trends shown by our data are reproducible.
To explain the redox behavior of [(1−x)·(0.6P2O5-0.4Fe2O3)]·xRxOy glasses with increasing x we must first consider any potential involvement of the sulfate that was present in our batches and which predominantly or completely volatilized during melting, presumably as SO2 and ½O2 [62] . The measured redox ratio, Fe 2+ /ΣFe, for samples Na20 (prepared using batch Na2CO3) and Na20S (prepared using batch Na2SO4) are equal within errors of measurement and fitting (see Table  1 ). This strongly supports the argument that the carbonate and sulfate batch materials that we used have the same effect on final glass redox, within experimental parameters. Therefore we can discount significant involvement of batch sulfate in the redox processes observed. This conclusion is also supported by the results of Marasinghe et al. [16] and [17] , illustrated as the embedded graph in Fig. 6(b) , since those authors did not use batch sulfates but presumably used carbonates or oxides to supply their modifiers, and yet their data exhibits the same behavior.
It is known that in simple oxide melts the M m+ /M (m+n)+ ratio, where M is a multivalent ion present in dilute quantities, generally decreases as the melt composition becomes more basic [63] , [64] and [65] , i.e. as the ability of constituent O 2− to donate negative charge becomes greater. This behavior can be described by the optical basicity concept developed by Duffy and Ingram [39] , [40] and [63] , and which we have used here to illustrate our glass compositions across a range of modifier types and additions (Fig. 6(b) ). In some cases, changing glass basicity does not adequately explain the redox behavior in glasses of iron [66] and [67] and certain other multivalent species [68] , [69] , [70] , [71] and [72] . Others have also noted that redox behavior may involve other factors than glass basicity [63] and [65] . A similar trend to that which we have noted, i. /ΣCu ratio of P2O5-CuO-(Cu2O) glasses as a function of CuO content by a number of independent research groups [66] , [67] , [68] and [69] . Some authors have, like Schreiber et al. [67] , attempted to explain this behavior by a change in transition metal ion coordination as a function of glass composition [70] and [71] . Bih et al. [72] studied the effects of Li2O/P2O5 ratio and MoO3 content on the Mo 5+ /ΣMo redox ratio in Li2O-MoO3-P2O5 glasses. They observed that, when (MoO3)2 content was constant at 5 mol%, the ratio Mo 5+ /ΣMo decreased with increasing Li2O content. This is consistent with the accepted view of redox behavior as per the basicity model [39] and [40] . However, for their second series of glasses, when the Li2O content was constant and the MoO3/P2O5 ratio varied, a trend in Mo 5+ /ΣMo occurred similar to that which we (and others [67] ) have observed for Fe 2+ /ΣFe. Paul and Douglas' early publication on the Fe 2+ /Fe 3+ equilibrium in binary alkali silicate glasses [73] again describes a similar trend to ours. However, this trend only occurred for those glasses which they melted in Pt crucibles and Pt was believed to have an oxidizing effect on the Fe redox equilibrium in glasses containing less than ∼30 mol% R2O (R = Li, Na, and K). In glasses melted in ceramic crucibles the Fe redox behavior followed a pattern consistent with that predicted by glass basicity.
In addition to its usefulness in determining the oxidation state, Mössbauer spectroscopy is a powerful tool for studying changes in the local structural environment of Fe in glasses [74] , [75] and [76] . ) remain remarkably consistent for all types and levels of modifier addition. Small, subtle deviations are observed for some samples but these are insufficient to explain the observed redox trend shown in Fig. 6a and Fig. 6b and described in Table 1 and Table 2 . The evidence from Mössbauer spectroscopy therefore casts doubt on the suggestion made by several other authors that the observed redox behavior is attributable to changes in Fe 3+ coordination, and as a result we must consider alternative explanations. One is that the observed redox phenomenon has a structural origin and is related to the polymerization and speciation of the network and the thermodynamic stability of different structural units as a function of composition, rather than being solely governed by classical redox reactions. There is support for such a hypothesis, given the high iron content of the glasses in which iron is a major constituent rather than a solute. As shown by thermal analysis (see Section 4.2) the glass stability defined as (Tr−Tg) varies greatly. Some of the crystalline species associated with exothermic DTA peaks have previously been identified by Day and co-workers as containing all Fe 3+ or a mixture of Fe 2+ and Fe
3+
, as we have discussed previously [10] . Therefore it is possible that the iron redox ratio is inextricably linked to glass stability in these systems. This hypothesis would therefore suggest that the redox ratio in iron phosphate glasses can vary to an extent in order to fulfil the requirements of glass stability, and vice versa. Further investigation of this behavior is suggested.
Chemical durability
Leach test results arising from 7-day Product Consistency Test B (PCT-B) testing at 90 °C [37] , and illustrated in Fig. 7 , reveal a number of important trends.
• (i) For a given molar alkali content, durability decreases in the order Na < K.
• (ii) Addition of K2O has no effect on durability at levels up to 20 mol%. Durability then decreases with further increases in K2O content.
• (iii) Durability decreases with increasing Na2O content.
• (iv) Divalent oxide additions improve durability. Addition of BaO produces the greatest improvement.
• (v) All glasses exhibit good to excellent aqueous durability. Even high-alkali (40 mol% R2O) samples exhibit leach rates that are still comparable to those exhibited by the surrogate waste-loaded borosilicate glasses.
Chemical durabilities, measured by PCT-B, are plotted in Fig. 7 as functions of the nominal modifier oxide content of each sample. In addition to results for the modified iron phosphate glasses, PCT-B results for the commercial SLS container glass and for the surrogate waste-loaded borosilicate glass MW, used to immobilize the UK's high-level nuclear waste (HLW) [36] , have been included. The base glass, PFe1 M, has a low optical basicity and each incremental increase in modifier addition has the effect of increasing optical basicity.
As shown in Fig. 7 , glasses containing additions of divalent cations, and particularly BaO and PbO, exhibit aqueous leach rates of ∼0.0001 g m −2 d −1 at 90 °C. Such leach rates are exceptionally low, and are comparable with those obtained from testing of the best ceramic waste immobilization host materials that are presently available [77] . However, further research must be conducted under a range of test conditions including long-term leaching behavior and the effects of pH before one can definitively state that these glasses out-perform alkali borosilicate glasses under likely repository conditions.
The addition of modifier ions to phosphate glasses is known to strongly affect their chemical durability. For example, Bunker et al. [78] demonstrated that the durability of P2O5-R2O-RO glasses is considerably improved, over a range of pH values, following replacement of alkali oxides by alkaline earth oxides and following replacement of Na2O by Li2O. Peng and Day [79] studied the effects of Na2O and K2O in R2O-R2O3-P2O5 glasses, noting that ionic cross-linking between non-bridging oxygens (NBO's) is provided by alkali and alkaline earth cations, and increasing the bond strength of this ionic crosslink is expected to improve chemical durability. They stated that since ionic radius increases in the order Li + < Na + < K + the crosslink strength decreases in the same order, so that chemical durability of their glasses decreased in the order Li > Na > K. Minami and Mackenzie [80] and Metwalli and Brow [81] have observed similar effects in R2O-Al2O3-P2O5 glasses, which are broadly appropriate as structural comparators for our alkali-modified iron phosphate glasses.
Other studies by Shih and Shiu [82] , Shyu and Yeh [83] and Jung et al. [84] document the effects upon chemical durability of phosphate glasses containing no alkalis by replacing high field strength modifiers by low field strength modifiers. In these works the trend exhibited by replacing alkalis discussed above is different. For example, Shih and Shiu [82] replaced ZnO by SrO in P2O5-SrO-ZnO glasses and observed a substantial increase in durability as SrO replaced ZnO. Similarly, Jung et al. [84] observed the same trend for as BaO replaced ZnO in P2O5-BaO-ZnO glasses.
Metwalli and Brow [81] observed a similar increase in durability upon replacing MgO by BaO in P2O5-Al2O3-RO glasses.
The behavior of our glasses upon addition of the alkalis Li2O, Na2O and K2O is not consistent with the evidence described above which indicates that durability should increase with increasing field strength (i.e. decreasing size) of the alkali cation. As a result the fact that durability of our modified iron phosphate glasses increases in the order Li < Na < K for a given molar content of R2O is unexpected, based on the known effects of alkali ionic radius on the durability of other phosphate glasses. The effects of divalent additions upon durability are more consistent with the literature evidence discussed above. However, existing structural and mechanistic models do not fully explain this behavior. As noted by an anonymous reviewer in a comment with which we fully concur, the relationships between modifier ion properties and phosphate glass durability are not well understood, but it seems clear that the simple field strength arguments are quite inadequate.
The behavior of K2O in iron phosphate glasses is interesting because durability only begins to decrease >20 mol% K2O.
Assessment of the Raman spectra for this series of glasses indicates that any structural differences (in terms of the degree of depolymerization) between glasses containing equimolar amounts of Li2O, Na2O and K2O are not large.
However, molar volumes shown in Fig. 1(b) indicate that K2O glasses maintain a voluminous structure by comparison with the other glasses, even those containing other alkalis such as Na2O. Further work, possibly using X-ray or neutron techniques, would be useful to obtain more information on any structural differences which may explain these apparently unusual trends in chemical durability.
Lead-iron phosphate glasses were investigated in the 1980s by Sales and Boatner [3] , who observed their high aqueous durabilities accompanied by melting and processing temperatures as low as 800 °C. However, as outlined by Jantzen [1] , a number of problems beset the lead-iron phosphate glass formulations that had been developed (typically 35-55 mol% P2O5, 30-55 mol% PbO and 10 mol% Fe2O3). These problems included low waste loading capacities, high melt corrosivity, incompatibility with certain canister materials and poor thermal stability. Furthermore, chemical durability when tested under extreme conditions at 200 °C in 7 M NaCl solution, was found to be very inferior to the durability of borosilicate waste glasses [85] . Our P2O5-Fe2O3-PbO glasses differ substantially from those developed by Sales and Boatner [3] . We regard their glasses as lead phosphate glasses doped with iron since the Fe2O3 contents are relatively low. Our glasses, on the other hand, may be regarded as iron phosphate glasses doped with lead: a minor-sounding difference but a compositionally significant one. According to Jantzen [1] , the lead-iron phosphate glasses of Sales and
Boatner suffer from rapid thermal devitrification at temperatures above 550 °C. By comparison, our DTA traces illustrated in Fig. 2(b) for glasses Pb10S and Pb20S (10 and 20 mol% PbO, respectively) indicate that at 550 °C there is no crystallization tendency, indeed the crystallization exotherms do not even begin until 675 °C and 630 °C respectively. It seems clear that the addition of PbO, whilst it substantially decreases viscosity and melting temperature, also decreases glass stability in iron phosphate glass systems. Combined with the fact that samples Pb30S and Pb40S exhibited some crystallization upon cooling, it might be prudent to limit the addition of PbO to the 60P2O5-40Fe2O3 base glass to 20 mol%.
Barium doped iron phosphate glasses have received limited attention as potential host materials for the immobilization of surplus PuO2 [86] . The authors provided little detail but it seems likely that the addition of BaO to their base glass provided some benefits when immobilizing PuO2, otherwise there would be no reason to do so. More widely, barium-rich phosphate glasses generally exhibit high chemical durabilities [80] and [84] which lends further support to their investigation as a potential host material for waste immobilization. Our results for barium-doped iron phosphate glasses substantially support the use of barium. Not only is the capacity of the base glass to incorporate BaO the highest of all the additions studied (40 mol% BaO produces a fully amorphous glass when cast in air), but its effect is to increase aqueous durability to the point at which leach rates for the PCT-B test are at or below the limits of detection for the ICP-OES technique that we have used. The absence, to our knowledge, of any prior determination of the behavior of P2O5-Fe2O3-BaO glasses with these compositions mark our discovery and development of these new, ultra-durable, thermally stable, low-melting glasses as a significant step forward. Clearly more development and testing remains to be carried out, but this important discovery could prove to be useful for a range of glass applications including, but not restricted to, waste immobilization.
Conclusions
Molar additions of monovalent (Li, Na or K) or divalent (Mg, Ca, Ba, and Pb) oxides to a 60 mol% P2O5-40 mol% Fe2O3 (nominal) glass result in substantially different effects on thermal properties and chemical durability. The addition of up to 40 mol% R2O has relatively little effect on density, Tg and Td; however, addition of RO increases these parameters proportionately to the level of addition. Both monovalent and divalent additions result in increases in α50-300 and Tliq.
The iron redox ratio, Fe 2+ /ΣFe, exhibits a complex relationship with glass composition, with a maximum value occurring at intermediate levels of modifier addition (corresponding to ∼20 mol% RyO). This behavior has, to our knowledge, been rarely observed in oxide glasses and does not conform to conventional linear relationships established for relatively simple glasses doped with dilute quantities of iron. Previous explanations for similar behavior were given on the basis of changes in iron coordination. However, fitted Mössbauer parameters show that iron coordination does not change across the range of compositions studied here, therefore changes in iron coordination are not responsible for the redox behavior. An alternative hypothesis based on structural requirements is suggested. /ΣFe, as a function of theoretical optical basicity calculated from analyzed glass compositions. Embedded graph shows data adapted from Marasinghe et al. [16] and [17] . 
